We investigated whether the kinin-generating system enhanced angiogenesis in chronic and proliferative granuloma and in tumor-surrounding stroma. In rat sponge implants, angiogenesis was gradually developed in normal Brown Norway Kitasato rats (BN-Ki). The development of angiogenesis was significantly suppressed in kininogen-deficient Brown Norway Katholiek rats (BN-Ka). The angiogenesis enhanced by basic fibroblast growth factor was also significantly less marked in BN-Ka than in BN-Ki. Naturally occurring angiogenesis was significantly suppressed by B 1 or B 2 antagonist. mRNA of vascular endothelial growth factor was more highly expressed in the granulation tissues in BN-Ki than in BN-Ka. Daily topical injections of aprotinin, but not of soy bean trypsin inhibitor, suppressed angiogenesis. Daily topical injections of low-molecular weight kininogen enhanced angiogenesis in BN-Ka. Topical injections of serum from BN-Ki, but not from BN-Ka, also facilitated angiogenesis in BN-Ka. FR190997, a nonpeptide mimic of bradykinin, promoted angiogenesis markedly, with concomitant increases in vascular endothelial growth factor mRNA. Angiogenesis in the granulation tissues around the implanted Millipore chambers containing Walker-256 cells was markedly more suppressed in BN-Ka than in BN-Ki. Our results suggest that endogenous kinin generated from the tissue kallikrein-kinin system enhances angiogenesis in chronic and proliferative granuloma and in the stroma surrounding a tumor. Thus, the agents for the kinin-generating system and/or kinin receptor signaling may become useful tools for controlling angiogenesis. (Lab Invest 2002, 82:871-880).
A ngiogenesis contributes to various physiologic processes, including embryonic development, the female reproductive cycle, and wound repair, as well as to pathologic conditions, such as tumor growth, diabetic retinopathy, and rheumatoid arthritis (Folkman, 1971; Michaelson, 1948; Peacock et al, 1992; Wise, 1956 ). Angiogenesis itself is a complex multistep process that may be regulated by a variety of bioactive substances, including growth factors, inflammatory cytokines, and proinflammatory autacoids (Fan et al, 1995; Griffioen and Molema, 2000) . We have recently reported that the prostaglandins, which are proinflammatory autacoids and can induce several growth factors and the proliferation of endothelial cells in vitro and in vivo (Form and Auerbach, 1983; Ziche et al, 1982) , have a crucial role in the enhancement of neovascularization (Majima et al, 2000) . This action of prostaglandins was mainly mediated by the induction of vascular endothelial growth factor (VEGF) (Majima et al, 2000) .
Kinin is a multifunctional peptide, which can induce inflammation, increase in sodium excretion from kidney, and prostaglandin release (Bhoola et al, 1992; Katori and Majima, 1998; Majima and Katori, 1995) . Activation of the intrinsic coagulation system resulted in the generation of kinins from the high molecular weight kininogen (HK). Although kinins were reported previously to enhance angiogenesis (Ferreira et al, 1992; Hu and Fan, 1993; Morbidelli et al, 1998) and proliferation of vascular endothelial cells (Morbidelli et al, 1998) , the controversial results that the domain 5 of HK, one of the component of kallikrein-kinin system (KKS), inhibited angiogenesis in vivo was recently reported (Colman et al, 2000) . They reported that the activated HK, which had already released kinins, was equally potent to the domain 5 of HK in terms of inhibition of angiogenesis. By contrast, it was postulated that the endogenous kinins, such as bradykinin (BK) and kallidin, contributed to the growth of tumors by increasing vascular permeability, which can supply nutrients, including growth factors from the circulation (Wu et al, 1998 ). There has not been conclusive evidence which of these accumulated results is predominant in the development of angiogenesis. Further, the precise mechanism of kinin generation in relation to angiogenesis and the involvement of the compartments of KKS in the enhancement of the angiogenesis and tumor growth have not been fully investigated.
Recent studies have confirmed the hypothesis that tumor growth in general is dependent on angiogenesis (Folkman, 1996) , and the triggers for the processes in angiogenesis are activated in the early stage of tumor development (Hanahan and Folkman, 1996) . It was recently emphasized that angiogenesis among tumorsurrounding stromal cells is crucial for the growth of tumors (Fukumura et al, 1997) . Thus, the control of tumor-dependent angiogenesis in the stroma is expected to be a useful novel approach to prevention or therapy of cancers.
In this study, we used the quantitative in vivo angiogenesis models designed to mimic tumor stromal response (Majima et al, 2000; Muramatsu et al, 2000a Muramatsu et al, , 2000b . We first tested whether the endogenous kinins generated from KKSs take part in the augmentation of angiogenesis using a mutant rat that lacks the precursor proteins of kinins, HK, and low molecular weight kininogen (LK) (Hayashi et al, 1993) . Because this rat lacks HK, we can eliminate the involvement of activated HK that was reported to be anti-angiogenic. Second, we further investigated the involvement of KKSs in tumor-associated angiogenesis using tumor cell-containing Millipore chambers.
Results

Time Course of Angiogenesis in Sponge Granulation Tissues in Brown Norway Katholiek Rats (BN-Ka ) and Brown Norway Kitasato Rats (BN-Ki)
This sponge implantation model has a characteristic of chronic and proliferative inflammation, and is designed to quantify the proangiogenic response by determining the hemoglobin concentrations in the granulation tissues formed around the sponge implants. When circular sponge discs were implanted into the subcutaneous tissues in normal BN-Ki, the weights of the sponge granulation tissues increased gradually, and angiogenesis occurred gradually in this sponge granuloma (Fig. 1A) . The development of angiogenesis observed in kininogen-deficient BN-Ka was significantly suppressed, compared with that in normal rats (Fig. 1A) . The direct topical injections of basic fibroblast growth factor (bFGF) significantly facilitated angiogenesis in both rats, but the difference between deficient BN-Ka and normal BN-Ki was also statistically significant (Fig. 1B) . These results suggested that endogenous kinins exhibited a proangiogenic activity in this model.
Effects of BK Receptor Antagonists on Angiogenesis in Sponge Granulation Tissues
To identify the receptors of kinins involved, the effects of BK receptor antagonists (B 1 or B 2 ) on angiogenesis were tested in this sponge model (Fig. 2) . The natural development of angiogenesis without stimulation of the growth factor was suppressed with the daily topical injections of a B 1 receptor antagonist, desArg , and was also inhibited by those of the B 2 receptor antagonist, Hoe140. The inhibitory effects of a B 2 receptor antagonist on angiogenesis was also observed with another B 2 receptor antagonist, FR 173657, which was an orally active antagonist (Fig. 2) . These results suggested that both of B 1 and B 2 receptor signalings were responsible for the enhancement of angiogenesis in this model.
Detection of Tissue Kallikrein-Like Activity in Sponge Granuloma and Effects of Topical Injections of Aprotinin or Soy Bean Trypsin Inhibitor (SBTI) on Angiogenesis
To characterize the kallikrein activity to generate endogenous kinins, we determined the amidase activity, which was estimated by the degradation rate of the synthetic substrate for kallikrein (Pro-Phe-Arg-MCA). The amidase activity detected in the granulation tissues at the levels of 17.6 Ϯ 2.0 10 Ϫ12 mole/10 minutes/mg protein (n ϭ 4) (Fig. 3A) . This activity was Angiogenesis in rat sponge granulomas. Four, 7, 10, and 14 days after implantation, the sponges with the surrounding granulation tissue were excised to measure the hemoglobin content as an index of angiogenesis. A, Angiogenesis in the sponge granuloma without topical injections of growth factors. B, Angiogenesis after daily topical injections of basic fibroblast growth factor (bFGF) at 1 g/sponge/day, once a day. Each column represents the mean Ϯ SEM of 6 to 10 sponges (A) and 6 sponges (B Effect of bradykinin (BK) receptor antagonists on angiogenesis in sponge granulomas in normal rats. Seven days after implantation, the sponges with the surrounding granulation tissue were excised to measure the hemoglobin content as an index of angiogenesis. BK B 1 (desArg 10 -Hoe 140) and B 2 (Hoe 140) receptor antagonists were topically injected into the sponge at 10 nmole/sponge (10) or 100 nmole/sponge (100) twice a day for 7 days. Another B 2 receptor antagonist, FR173657, was administered orally three times a day at a dose of 30 mg/kg. Vehicle: topical administration of vehicle solution. Each column represents the mean Ϯ SEM of the number of sponges (n). * p Ͻ 0.05; ** p Ͻ 0.01 (compared with vehicle-treated sponges, ANOVA).
not suppressed by the addition of SBTI to the incubation mixture, but was suppressed significantly (p Ͻ 0.05) with that of aprotinin (Fig. 3A) .
The effects of kallikrein inhibitors topically administered to the sponges on angiogenesis are summarized in Figure 3B . Although the topical injection of SBTI, an inhibitor of plasma kallikrein, did not reduce the bFGFstimulated angiogenesis at all, those of an inhibitor, aprotinin, which can inhibit both plasma kallikrein and tissue kallikrein reduced it significantly (Fig. 3B) . These results suggested that tissue kallikrein had a significant role in enhancement of angiogenesis in this model. Figure 4A depicts the angiogenesis in the granulation tissues formed around the sponges implanted in BNKa, which received daily topical injection of the natural preferential substrate for tissue kallikrein, LK. Topical applications of LK for 7 days markedly enhanced angiogenesis, compared with vehicle injections (Fig.  4A ). This result suggested that kinins generated from LK through the action of tissue kallikrein enhanced angiogenesis in this model.
Effects of Topical Injections of LK
Effects of Topical Injections of Serum from BN-Ka or BN-Ki on Angiogenesis in the Sponge Granulation Tissues in BN-Ka
Plasma exudation may enhance the angiogenesis by increasing the supply of plasma containing the growth factors and the oxygen. To mimic increased plasma extravasation, we topically injected serum from the rats used in this study.
During the preparation of serum, a precursor protein for kinin, HK, was completely converted to activated HK through the activation of factor XII, and further, the kinin generated from it was also completely degraded by the kininases contained in the blood samples. Thus, the serum from BN-Ki contained activated HK Effect of kallikrein inhibitors on amidase activity and angiogenesis in sponge granulomas in normal rats. A, 7 days after implantation, the sponges with the surrounding granulation tissue were excised and homogenized. The kallikrein activity was determined in the supernatants of homogenates in the presence of 100 g/ml of soy bean trypsin inhibitor (SBTI) or of aprotinin, or in the absence (No inhibitor) of kallikrein inhibitors. B, SBTI and aprotinin were topically injected into the sponge at 100 g/sponge (twice a day) for 7 days. To vehicle-treated rats, vehicle solution (physiological saline, 100 l/sponge/ day) was administered topically once a day. The sponge implants were topically stimulated with 100 ng/site/day of bFGF. Each column represents the mean Ϯ SEM of the number of sponges (n). N.S., not significant. * p Ͻ 0.05 (versus no inhibitor present or with vehicle-treated sponges, ANOVA).
Figure 4.
Effect of topical injections of low molecular weight kininogen (LK) or serum from rats on angiogenesis in sponge granulomas in rats. A, The purified LK (LMW-kininogen) was topically injected into the sponge at 100 g/sponge (twice a day) for 7 days. B, Serum prepared from kininogen-deficient BN-Ka rats or from normal BN-Ki rats was topically injected into the sponges implanted in BN-Ka twice a day (100 l/sponge) for 7 days. To vehicle-treated rats, physiological saline (100 l/sponge) was administered topically twice a day. Each column represents the mean Ϯ SEM of number of sponges (n). * p Ͻ 0.05 (versus vehicle-treated sponges using (A) t test or (B) ANOVA.
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and LK, whereas that from BN-Ka lacked both activated HK and LK.
Daily topical injections of serum (100 l/sponge/ day, twice a day) from BN-Ka for 7 days to the sponges implanted in BN-Ka did not increase the angiogenesis in comparison with that observed in the rats receiving the same volume of physiological saline (Fig. 4B ). By contrast, topical injections of the same volume of serum from BN-Ki significantly increased the angiogenesis in BN-Ka (Fig. 4B) . These results suggested that enhancement of angiogenesis in this model depended not simply on the increased supply of serum, but also on the supply of LK, a preferential substrate for tissue kallikrein.
Effects of Topical Applications of BK and a Nonpeptide Mimic of BK on Angiogenesis in the Sponge Granulation Tissues
Angiogenesis in the sponge granulation tissues without stimulation with bFGF was significantly enhanced by topical applications of a nonpeptide mimic of BK, FR190997, when estimated 7 days after the implantation (Fig. 5 ). By contrast, the daily topical injections of BK (20 or 50 nmole/sponge/day) did not significantly enhance the development of angiogenesis in this model (Fig. 5) . The B 1 receptor agonist desArg 10 -kallidin (50 nmole/sponge/day) also did not increase angiogenesis (data not shown). These results suggested that the sponge granulation tissues contained the kinin-degrading enzyme, and that B2 receptor signaling certainly exhibited a proangiogenic activity.
Expression of VEGF in Sponge Granulation Tissues
Our previous observations suggested that VEGF, a potent proangiogenic factor, contributes to the angiogenic response in this sponge model (Majima et al, 2000) . Topical application of a nonpeptide mimic of BK, FR190997, which enhanced angiogenesis (Fig. 5) , markedly increased the expressed levels of mRNA of VEGF in the granulation tissues (Fig. 6A) . To know the capacity of endogenous kinin to induce VEGF, we next examined the expression of VEGF in the granulation tissues from BN-Ki and BN-Ka 7 days after sponge implantation without stimulation. The expressed levels of VEGF mRNA were apparently enhanced in BN-Ki, compared with BN-Ka (Fig. 6B) . These results showed that the endogenous kinins up-regulated VEGF expression in this model.
Tumor-Associated Angiogenesis in BN-Ka and BN-Ki
Finally, we examined the role of endogenous kinin in tumor-associated angiogenesis using the mutant rats. Angiogenesis observed around the Millipore chamber containing the fixed number of Walker 256 cells was markedly suppressed in BN-Ka, compared with BN-Ki (Fig. 7) . The hemoglobin content of the granulation tissues that developed around the chamber implanted in BN-Ka was significantly lower than that in BN-Ka (Fig. 7) .
Discussion
Kinins are potent vasoactive peptides that are released from their precursor proteins, kininogens, by kallikrein. BN-Ka is an experimental animal, which lacks the capacity for kinin generation. Very low plasma levels of HK and LK were attributable to the Effect of topical applications of BK and nonpeptide mimic of BK, FR1990997 on angiogenesis in sponge granulomas in normal rats. Bradykinin (BK) was topically injected into the sponges at 20 or 50 nmole/sponge (once a day) for 7 days. FR190997 (100 g/sponge) was topically placed into the sponge, which was then implanted. To vehicle-treated rats, vehicle solution (physiological saline, 100 l/sponge/day) was administered topically twice a day, or DMSO (vehicle) was topically placed into the sponge. Each column represents the mean Ϯ SEM of the number of sponges (n). * p Ͻ 0.05, versus vehicle-treated sponges (ANOVA, t test).
Figure 6.
Expression of VEGF in granulomas. A, Expression of VEGF 7 days after the topical application of a nonpeptide mimic of BK, FR1990997. The experiments were performed as in Figure 5 . B, VEGF expression 7 days after implantation in BN-Ki (Ki) rats or BN-Ka (Ka) rats. mRNA levels were assessed by Northern blotting.
Hayashi et al inability to secrete these kininogen moieties from the liver of this strain, because of one-point mutation of alanine163 to threonine in the kininogen moiety, although the hepatic cells of the mutant BN-Ka produced kininogens with one-point mutation, which were very similar in molecular weight to the kininogens produced BN-Ki (Hayashi et al, 1993) . Comparison of BN-Ka with normal BN-Ki allowed us to study the pathophysiologic roles of endogenous kinins in many situations (Majima and Katori, 1995) .
Kinins were reported previously to enhance angiogenesis in vivo and in vitro, when administered in their pharmacologic doses (Ferreira et al, 1992; Hu and Fan, 1993; Morbidelli et al, 1998) . In the same sponge models as we used in the present study, BK topically injected into the sponges together with IL-1 was reported to increase angiogenesis mainly through the action of a B 1 receptor (Hu and Fan, 1993) . This was also confirmed in vitro, when assessed from the vascular endothelial cell proliferation (Morbidelli et al, 1998) . However, the crucial roles of endogenous kinin generated through the action of kallikrein from a natural substrate kininogen in angiogenesis have not been fully investigated. The present study demonstrated that the endogenous kinins have a definitive facilitating action on the angiogenesis in the sponge implantation model (Fig. 1) . The kinin involved in this angiogenesis may be generated from LK through the action of tissue kallikrein, because the protease inhibitor, SBTI, which can inhibit plasma kallikrein but not tissue kallikrein, did not inhibit the angiogenesis; whereas aprotinin, a protease inhibitor that inhibits both plasma kallikrein and tissue kallikrein, did inhibit angiogenesis in this model (Fig. 3B) . The fact that amidase activity, when assessed by the hydrolysis rate of the synthetic substrate for kallikrein, was strongly inhibited by aprotinin, but not by SBTI (Fig.  3A) , further supported the suggestion that the tissue kallikrein-LK system is involved in the augmentation of this angiogenesis.
It was recently reported that recombinant domain 5 of HK, one of the component of KKS, inhibited migration and proliferation of endothelial cells in vitro and angiogenesis in vivo (Colman et al, 2000) . Further, they reported that the activated HK, which had already released kinins, but not intact HK, inhibited FGFstimulated angiogenesis as recombinant domain 5 of HK did. The levels of circulating and inactive HK appeared to be sufficient to show the anti-angiogenic activity, if HK was fully converted to its active form. But we cannot detect the full activation of HK in the circulation of normal rats implanted with the sponge (data not shown). In the present study, the angiogenesis was certainly suppressed in BN-Ka rats (Fig. 1) , which lack activated HK together with LK. These results exclude the possibility that the active form of HK inhibits angiogenesis in this model.
The presence of tissue kallikrein in the blood vessels has been reported by many investigators (Madeddu et al, 1994; Nolly and Nolly, 1998; Nolly et al, 1994; Oza and Goud, 1992; Saed et al, 1990 ). The endogenous kinin may be generated by the tissue kallikrein-type proteases located in the vessels in the granulation tissues. The neovascularized vessels were generally immature, and these vessels lack smooth muscle layers in the initial phase of angiogenesis. But kallikrein-like activity was also reported to be present in the endothelial cells, which are major components of newly formed vessels.
LK, a substrate for tissue kallikrein, may be supplied from the circulation, judging from the more pronounced angiogenesis seen in BN-Ki than in BN-Ka (Fig. 1) . The results of supplementation of purified LK (Fig. 4A) or serum from BN-Ki, but not BN-Ka (Fig. 4B) , to the sponges also supported the view that the supply of LK from the circulation is the source of kinins. Although the presence of kininogens, including LK in the vascular smooth muscle and myocardium Yayama et al, 1998 ) was reported, the possibility that kininogens may be supplied from the sites where angiogenesis is observable is not high in the present experiment, because differences of angiogenesis development were observable between BN-Ka and BN-Ki (Fig. 1) .
It was postulated that kinins may contribute to the growth of tumors by increasing vascular permeability,
Figure 7.
Tumor-associated angiogenesis on the implanted chambers containing Walker 256 cell suspensions in kininogen-deficient BN-Ka rats or in normal BN-Ki rats. A 0.2-ml Millipore chamber (filter pore size, 0.45 m) was filled with Walker 256 cell suspension, and was implanted subcutaneously into the dorsum of the rats. Four days after the implantation, the granulation tissues formed on the Millipore chamber were removed, and the hemoglobin concentrations in the granulation tissues were determined as an index of tumor-associated angiogenesis. Each value represents the mean Ϯ SEM. n ϭ 6 chambers examined. * p Ͻ 0.05 (t test).
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Laboratory Investigation • July 2002 • Volume 82 • Number 7 which increases the supply of nutrients, including growth factors and oxygen, from the circulation (Wu et al, 1998) . The plasma exudation in the sponge models, if observed, may also facilitate angiogenesis. To mimic increased extravasation of plasma proteins, we injected serum from BN-Ki that contained LK together with the activated HK, but not inactive HK, as well as active proteins such as growth factors that may enhance angiogenesis. Topical injections of serum from BN-Ki increased the angiogenesis, whereas those of serum from BN-Ka did not do so. These results suggested that enhancement of angiogenesis in this case depended not simply on the increased supply of proangiogenic factors possibly contained in the serum of both rats at the same levels, but also on the generation of kinins resulted from the supply of LK, a preferential substrate for tissue kallikrein present in the granulation tissues. Further, these results also showed that the anti-angiogenic activity of the active HK (Colman et al, 2000) was negligible in the present experimental conditions. VEGF, which is also known as vascular permeability factor, is a 38-to-46-kd heparin-binding homodimeric glycoprotein belonging to the PDGF family (Ferrara et al, 1992; Senger et al, 1990) . It is one of the major proteins that are specific endothelial mitogens in vitro (Connolly et al, 1989) , and is a well-characterized secreted inducer of angiogenesis in vivo (Banai et al, 1994) . We previously reported (Majima et al, 2000) that VEGF was induced in the sponge implantation model, and had a proangiogenic activity. The actual contribution of VEGF to the enhancement of angiogenesis was confirmed by topical injections of anti-sense oligonucleotide (Majima et al, 2000) and neutralizing antibody (Amano et al, 2001 ) against VEGF. An immunohistochemical study using rat VEGF antibody revealed that VEGF-positive cells were the fibroblast-like cells around the neovascularized blood vessels in this model (Majima et al, 2000) . VEGF was more markedly expressed in the sponge granulation tissues in BN-Ki than in BN-Ka (Fig. 6B) , suggesting that the endogenous kinin induces VEGF and enhanced angiogenesis through this induction in this model. B 1 receptorsbut not B 2 receptors-were reportedly involved in the enhancement of angiogenesis in this sponge model under IL-1 stimulation (Hu and Fan, 1993) . Upregulation of B 1 receptors by IL-1 may be necessary to show the proangiogenic activity for BK or a selective B 1 receptor agonist. In the present study, the topical injections of BK alone did not induce any angiogenic activity, but a nonpeptide mimic of BK, FR190997, which is resistant to BK-degrading proteases and selective for B 2 receptors, did induce such activity through the B 2 receptors (Fig. 5) . Judging from the results using B 1 and B 2 receptor antagonists (Fig. 2) , both B 1 and B 2 receptor signaling may actually enhance angiogenesis. The previous report, which concluded that B 2 receptors were not involved in the enhancement of angiogenesis, was made on the basis of the first-generation B 2 receptor antagonist, a peptide analog of BK, that was not resistant to BKdegrading enzymes, and had a partial agonistic action on B 2 receptors (Hu and Fan, 1993; Schachter et al, 1987) . As shown in this experiment, not only the more stable B 2 receptor antagonist, Hoe140, but also the nonpeptide orally active B 2 receptor antagonist, FR173657, significantly reduced angiogenesis (Fig. 2) . These results taken together suggested that endogenous BK generated in the sponge granulation tissues facilitated the angiogenesis via B 1 and B 2 receptor signaling, both of which link to the same second messengers (Naraba et al, 1999) . Although it is widely accepted that B 1 and B 2 receptors are located on the endothelial cells, it is plausible that the fibroblast-like cells, which expressed VEGF, may be the target cells for the endogenous kinins.
An important factor in the promotion of tumor growth is believed to be angiogenesis (Folkman, 1996) . Substantial increases in tumor mass must be preceded by an increase in blood supply to provide the nutrients and oxygen required for tumor growth. It has been suggested that the mechanisms for promotion of angiogenesis are activated in the early stages of tumor development (Hanahan and Folkman, 1996) . We have now shown with our Millipore chamber experiment that endogenous kinin certainly enhances tumor-associated angiogenesis (Fig. 7) . BK was reported to induce the proliferation of cells, including endothelial cells, which play a major role in angiogenesis (el-Dahr et al, 1996; Goldstein and Wall, 1984; Kimball and Fisher, 1988; Marceau and Tremblay, 1986; Morbidelli et al, 1998) , but some reports presented controversial results (Dixon and Dennis, 1997; Patel and Schrey, 1992; Yau et al, 1996) . The effects of BK on cell proliferation in vitro were closely dependent on the kind of cells used as a target, and the culture conditions of the cells. The tumor cells themselves produced the inducers of angiogenesis, such as growth factors and prostanoids (Tujii et al, 1998) , and this was confirmed in the present experiments, because the chamber containing only some vehicle solution medium (PBS) of the tumor cell suspension did not induce marked angiogenesis within 4 days of experimental periods, but markedly enhanced angiogenesis was observed in the granulation tissues formed around the chambers containing tumor cells. This result indicates that the tumor cells in the chamber secreted some angiogenic factors, but the amounts of these secretions did not differ between BN-Ki and BN-Ka, because the implanted chambers contained the same number of tumor cells. It is plausible that tumor cells secreted kallikrein-like proteases that can convert kininogens to kinins, and that the kinins generated may act on the stromal cells to induce the angiogenic factor VEGF. In fact, it was reported that some tumor cells contained tissue kallikrein (Bhoola et al, 1992) . The host microenvironment is thought to influence tumor progression (Fukumura et al, 1997; Gohongi et al, 1999; Williams et al, 2000) . Recent results regarding stromal prostaglandins and VEGF expression revealed the significant roles of stromal cells in tumor-related angiogenesis and tumor growth (Williams et al, 2000) . Kinins generated in the stroma may also induce VEGF, as in the case of sponge granulation tissues, and may enhance tumorassociated angiogenesis and tumor growth. Pharmacologic intervention in kinin generation or kinin receptor signaling during the development of tumorassociated angiogenesis may become a useful technique for the treatment of tumors, as well as of chronic proliferative inflammation.
In conclusion, the present results suggested that endogenous BK generated from tissue the kallikreinkinin system enhances angiogenesis in chronic and proliferative granuloma and stromal cells around the tumor, and that agents that act on the kallikrein-kinin system may become pharmacologic tools for controlling angiogenesis.
Materials and Methods
The Rat Sponge Model
Under light ether anesthesia, circular sponge discs were implanted into the subcutaneous tissue of the backs of male kininogen-deficient BN-Ka rats, which are incapable of kinin generation, and normal BN-Ki rats (male, 8-weeks-old) (Hayashi et al, 1993; Majima and Katori, 1995) . The numbers of animals used are stated in each section of the description of the experiment. All rats were kept in a room with constant temperature (25 Ϯ 1°C) and humidity (60 Ϯ 5%) throughout the experimental periods, and were allowed free access to normal chow and water. The study was performed in accordance with the Guidelines for Animal Experiments of Kitasato University School of Medicine.
Neovascularization was assessed in terms of hemoglobin concentration in the granulation tissues formed around the sponge implants (Majima et al, 2000; Muramatsu et al, 2000a Muramatsu et al, , 2000b . The detection limit of this assay was 0.1 mg/g wet tissue. The coefficient of variation, when determined in a sample with a hemoglobin concentration of 1 mg/g wet tissue, was 5% (n ϭ 10). We previously confirmed that the hemoglobin concentrations determined as above were well correlated with the density of newly-formed blood vessels in the granulation tissues, when assessed by immunohistochemical staining with von Willebrand factor (vWf) antibody (DAKO, Carpinteria, California) or HE staining (Muramatsu et al, 2000a) .
To enhance the neovascularization of the sponge implants, basic fibroblast growth factor (bFGF; 1 g/ sponge/day, human recombinant; Genzyme, Cambridge, Massachusetts) or its vehicle solution (physiological saline) were daily injected (0.1 ml/sponge, once a day) directly into the sponge implants using a 26G needle under light ether anesthesia.
Administration of BK, a Nonpeptide Mimic of BK, LK, or Serum from Brown Norway Rats
A solution of BK (200 or 500 nmole/ml physiological saline, Peptide Institute, Osaka, Japan) or its vehicle solution (physiological saline) were injected once daily (0.1 ml/sponge) directly into the sponge implants. The circular discs of filter papers (3 mm in diameter), which absorbed 50 l of BK B2 receptor agonist solution (FR190997, at 2 mg/ml in 100% DMSO, a gift from Fujisawa Pharmaceutical, Osaka, Japan) (Aramori et al, 1997a) , were placed into the center of some of the sponges immediately before implantation. For the vehicle control rats, the filter papers which absorbed 50 l of the vehicle solution (absolute DMSO, Wako Pure Chemicals, Osaka, Japan), were put into the sponges. A solution (1 mg/ml, dissolved in physiological saline) of a preferential substrate for tissue kallikrein, LK (LMW kininogen, Seikagaku Kogyou, Tokyo), which was purified from bovine serum, was also topically injected (0.1 ml/sponge) into the sponges twice a day. From another set of nontreated BN-Ka and BN-Ki, the blood was collected under light ether anesthesia, and serum from each rat was obtained. The sera of five rats was pooled, and was topically (0.1 ml/sponge) injected into the sponges twice a day. Neovascularization was assessed by measuring the concentration of hemoglobin in the granulation as mentioned above.
Administration of BK Receptor Antagonists or Kallikrein Inhibitors
A BK B 2 receptor antagonist, FR173657: (E)-3(6-acetamido-3-pyridyl)-N-[N- [2,4-dichloro-3-[(2-methyl-8-quinolinyl ) oxymethyl]phenyl]-N-methylaminocarbonylmethyl]acrylamide, kindly provided by Fujisawa Pharmaceutical (Aramori et al, 1997b; Asano et al, 1997) (Hock et al, 1991; Wirth et al, 1991a) , purchased from the Peptide Institute, was topically administered (10 or 100 nmole/100 l/physiological saline, twice a day) to the sponges throughout the experimental periods. A B 1 receptor antagonist, desArg (Wirth et al, 1991b) , which was obtained from Peninsula Laboratories (San Carlos, California), was also topically administered (10 or 100 nmole/100 l physiological saline, twice a day).
A protease inhibitor, SBTI (Worthington Biochem, Halls Mill Road, New Jersey), which can inhibit plasma kallikrein but not tissue kallikrein, was topically injected (100 g/100 l physiological saline, twice a day) for 4 days to the sponges receiving bFGF (100 ng/site/day). For vehicle-control rats, only physiological saline (100 l physiological saline, twice a day) was topically injected. Another protease inhibitor, aprotinin (Wako Pure Chemical Industries), which can inhibit both plasma kallikrein and tissue kallikrein, was topically administered (100 g in 100 l physiological saline, twice a day) in exactly the same manner as SBTI. Neovascularization was assessed by measuring the concentration of hemoglobin in the granulation as mentioned above. 
Measurement of Kallikrein Activity in Sponge Granulation Tissues
Immediately after the exsanguination, the granulation tissue was extracted, and was washed with ice-cold physiological saline. After removal of the blood, the granulation tissue was homogenized on ice with TrisHCl buffers (0.2 M, pH 8.5, containing 10 mM benzamidine, 4 ml/g wet granulation tissue). The supernatant after the centrifugation (1,500 ϫg, 4°C, 30 minutes) was used as a sample solution for kallikrein determination. The activity of the active kallikrein in the supernatant was measured using a peptidyl fluorogenic substrate selective for kallikrein, Pro-Phe-Argmethyl-coumarinylamide (Pro-Phe-Arg-MCA, Peptide Institute) (Jin et al, 1992) . After 1 in 10 dilution of the original supernatant with 0.2 M Tris-HCl buffer (pH 7.8), 10 l of the diluted supernatant was incubated for 30 minutes with 1 ml of 5 ϫ 10 Ϫ5 M substrate solution in 0.05 M Tris-HCl buffer containing 0.1 M NaCl and 0.01 M CaCl2 (pH8.0) for 30 minutes. Active kallikrein activity was characterized by the reduction of amidase activity in the presence of SBTI (100 g/ml, at final concentration) and that in the presence of aprotinin (100 g/ml, at final concentration).
Northern Blot Analysis of VEGF
Total RNA was isolated from RAW246.7 cells using ISOGEN. Approximately 1 g of total RNA was utilized as a template for reverse transcription in a reaction mixture of p(dN)6 random primer and AMV reverse transcriptase (Roche Diagnostics GmbH, Basel, Switzerland). Fifty nanograms of cDNA was amplified by 2.5 units of Taq DNA polymerase in a 100 l reaction containing 10 mM Tris-HCl (pH8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTP, and two primers at 0.6 M, 5'-aaccatgaactttctgctctc-3' (sense) and 5'-gtgattttctggctttgttc-3' (antisense) for VEGF cDNA, or 5'-cccttcattgacctcaactacaatggt-3' (sense) and 5'-gaggggccatccacagtcttctg-3' (antisense) for GAPDH. The reaction was allowed to proceed for 30 cycles, each cycle consisting of 45 seconds at 94°C, 60 s at 56°C, and 60 seconds at 72°C, and finally, a 10-minute extension at 72°C. Amplified products in the reaction mixture were separated on a 2% agarose gel and extracted from the gel. Purified cDNA fragment was inserted into pGEM-T Easy vector (Promega, Madison, Wisconsin), and was transformed into E. coli JM109. Bacterial colonies were screened by EcoRI digestion of the plasmid, and DNA sequencing was performed to confirm the production of the desired clones for encoding VEGF or GAPDH cDNA. Total RNA for Northern blot was extracted from sponge granulation tissues as described above. Twenty micrograms of total RNA was separated by electrophoresis on 1% agarose gel containing 2.2 M formaldehyde. After transfer, the RNA was covalently bound to Hybond-Nϩ (Amersham Pharmacia Biotech, Uppsala, Sweden) by alkaline-fixing and UV-crosslinking. For the preparation of mouse VEGF and GAPDH probes, cloned plasmid DNA containing p427 bp of VEGF cDNA or 470 bp of GAPDH cDNA was digested with NcoI or SalI, respectively, to linearize, and each was used as a template to synthesize a digoxigenin-UTP (Roche Diagnostics) labeled cRNA probe by in vitro transcription with SP6 or T7 RNA polymerase. The conditions of prehybridization and hybridization of membranes with the probe, as well as the subsequent procedures, were performed according to the manufacturer's instructions. Hybridized RNA with cRNA probe on a membrane was detected using alkaline phosphatase-labeled anti-digoxigenin antibody and its substrate, CDP-Star (Roche Diagnostics). X-ray film was exposed to the membrane to visualize the signal of chemiluminescence.
Millipore Chamber Experiment
Rat Walker 256 carcinoma cells (CCL-38) were cultured at 37°C in DMEM supplemented with 10% fetal bovine serum in a humidified atmosphere containing 5% CO 2 . Walker 256 cells were washed with PBS and suspended in the same solution at a density of 1 ϫ 10 8 cells/ml. A Millipore chamber (filter pore size, 0.45 m; Millipore, Bedford, Massachusetts) was filled with 0.2 ml of either the cell suspension or PBS (pH 7.4, 10 mM, in physiological saline) and then implanted subcutaneously into the dorsal flank of rats (Iwamoto et al, 1996) . Five days after implantation, the animals were killed and the granulation tissue that had formed around the chamber was immediately removed. The hemoglobin content of each of the excised tissues was then determined as a marker of tumor-associated angiogenesis by a method similar to those reported previously (Gatto et al, 1999; Kerr et al, 1999; Zeng et al, 2000) .
Statistical Analysis
All values were expressed as the means Ϯ SEM. Statistical differences between the two groups were determined using Student's unpaired t test, after confirming that the variance of data was not heterogeneous. For the results from multiple groups, factorial ANOVA was used to evaluate the significance of difference, followed by Scheffe's test. A p value of less than 0.05 was considered to be significant.
